INTRODUCTION
Oxygen ion conductors are of special interest due to their use in many applications such as oxygen sensors, electrochemical pumps and solid oxide fuel cells (SOFCs). In the ongoing search for alternative and environmental-friendly power generation facilities, SOFCs have generated much interest as a potentially economical, clean and efficient candidate for the decentralized generation of heat and power [1] [2] [3] . Government funding for fuel cells has fluctuated over the years but the total spent by Japan, USA and Europe between 1995 and 2013 was $8.3 billion [4] . Within the framework of the Federal Target Program 'Research and development in areas of high priority for the scientific-technological complex of Russia for 2007-2012' and the Federal Target Program 'National Technological Base' for 2007-2011 hundreds of millions of rubles have been directed to these tasks in Russia. Under the Skolkovo Fund program in the area of power-efficient technologies, two big projects connected with the development of SOFC-based mini power plants (from 0.5 to 25 kW output capacities) were announced and carried out from 2013 to 2015 [5] . At present, however, the techno-economic potential of SOFC technology faces two major critical issues, i.e. the development of a low-cost production process for the cell components and their inadequate durability. The current approach to reducing an SOFC's operating temperature is focused on a wider choice of low-cost materials, particularly for the interconnectors (including metallic) and the sealant, a longer cell life time due to reduced inter-diffusion between the stack components, improved reliability and reduced overall cost. The most commonly used electrolyte, yttria stabilized zirconia (YSZ), exhibits sufficient ionic conductivity at ∼1000°C and is characterized by good thermal stability. Alternatively, ceria solid solutions exhibit 4-5 times greater ionic conductivity values across the intermediate temperature range [6] . This property has attracted great interest from the scientific community concerning the investigation into and the use of ceria as an electrolytic material not only for intermediate temperature SOFCs but also for other electrochemical applications [7] [8] [9] .
The history of the development of ceria-based materials in Russia is a rich one, but up until now investigation has centered mainly on the single-doped ceria solid-state solutions [10] . The main disadvantage of ceria-based electrolytes, which cannot be resolved by single doping, is the appearance of electronic conductivity at low oxygen partial pressures due to Ce 4+ being partially reduced to Ce 3+ , which causes a partial internal electronic short circuit in an SOFC decreasing its performance and an expansion of the lattice leading to mechanical failure of the cell during exploitation [6] . Some effort has been made to suppress the electronic conductivity and to extend the electrolyte domain of the ceria-based electrolytes through the structural modification of ceria-based solid solutions by co-doping with two or more dopants [11] [12] [13] . These works have influenced our scientific group to study the CeO 2 -based multi-component solid-state electrolytes from the perspective of their future application in electrochemical devices. The study had two main areas of focus: clarification of the effect of different dopants' ionic radius with emphasis on the electrical properties of CeO 2 -based solid solutions in air and the investigation of the influence of combined dopants on the electrolytic properties of solid electrolytes across a wide range of oxygen partial pressure. The new technology for nanoscale powder production developed at the Institute of Electrophysics UB RAS for the single-doped ZrO 2 and CeO 2 [14] can be used not only in SOFCs but also as a base for potentiometric gas sensors and as a component of the mixed ionic and electronic conducting membranes for hydrogen and syngas production. were synthesized by the application of three different techniques: solid-state reaction, laser-induced evaporation of solid-state target (Laser powders) and the glycine-nitrate method, described in detail in [15] .The calcination temperatures varied from 600 to 1150°C depending on the procedure.
The specific surface areas of the obtained powders were tested by the surface area and porosity analyzer TriStar 3000 V6.03 A. The content of metal oxides in the starting materials and solid-state composition, obtained by different methods, was defined by a Plasma Emission Spectrometer Optima 4300DV (USA). The X-ray diffraction (XRD) technique was employed to identify the phases and to obtain the values of the lattice constants. The XRD analysis was performed on the milled powders of specimens using a D/MAX-2200 (Rigaku Co. Ltd, Japan) diffractometer with Ni-filtered Cu-K α radiation in the range of 10° ≤ 2θ ≤ 85°.
The preparation and characterization of compact ceramic samples
Powders prepared by different procedures were compacted by the magnetic pulse technique developed at the Institute of Electrophysics UB RAS [16] into disks with a diameter of 30 mm (pulsed pressure 300 MPa in amplitude and 100 mks in duration) and into bars 5 × 25 × 1 mm sintered in air in an electric furnace with controlled heating (heating/cooling rate 5° C/min and a maximal temperature of 1600°C with a soaking time 3 h). The densities of the samples were determined by hydrostatic weighing in water. The grain size and their distribution on the surface of the sintered ceramic samples were controlled by a raster electronic microscope JSM-5500 LV JEOL (Japan).
The electrical conductivity measurements were carried out on the bar-shaped samples by employing the four-point DC technique using a home-made electrochemical experimental set (Fig. 1a) . The sample (4) was installed in a tube made of ZrO 2 -based electrolyte (1) . Platinum paste stripes deposited on the inner and outer surfaces of the tube and connected with platinum wires were used as the electrochemical oxygen pump (2) and the electrochemical sensor (3). Four Pt electrodes (current (5) and measuring (6)) were deposited on the surface of the samples and connected with Pt wires. Temperature and oxygen partial pressure were varied automatically by means of the microprocessor system Zirkonia-318 across the range of 600-900°C and 0.21-10 −25 atm, respectively.
Electrochemical characterization was performed on the 0.8-mm-thick disk-shaped electrolyte samples with Pt symmetric electrodes (S = 0.78 cm 2 and 30 mg/cm 2 ), which were painted and sintered on both sides of the disks at 1000°C, 1 h and activated with praseodymium nitrate to lower the polarization resistance [17] . The schema of the experimental set is presented in Fig. 1b . A disk-shaped sample (2) was pressed under a spring load (1) onto the end face of a tube made of ZrO 2 -based electrolyte (8). Wet hydrogen (98% H 2 + 2% H 2 O, V H2 ~ 2-5 l per hour) was fed to the anode through the central tube. The oxygen partial pressure in the anode channel was set using the electrochemical pump (7) and controlled by the sensor (6). The cathode volume was blown through with air (V ~ 6-15 l/h). The cell temperature was measured by the Pt-Pt/Rh thermocouple, which was placed near the sample (5). The overvoltage of the electrodes and the ohmic voltage drop in the electrolyte were determined under stationary conditions (galvanostatic mode) by the current interruption method. The length of the current interruption edge did not exceed 0.3 µs. The off-current state of the cell during a period was τ off ~ 0.3 ms. The relative duration of the cut-off pulses was τ off /τ on ≤ 1/1540.
Tubular elements for electrochemical applications
Tube-shaped membranes 120-200 mm in length,12 mm in diameter and 0.5-0.65 mm in thickness were fabricated from the electrolyte of composite material (50:50 mixture of the (5) thermocouple Pt-electrodes of (6) electrochemical sensor and electrochemical pump (7) deposited on YSZ ceramic tube (8).
CeO 2 -based electrolyte as an ionic conductor and SrTi 0.5 Fe 0.5 O 3-δ as an mixed ionic and electronic conducting, MIEC) utilizing the tape rolling (calendering) method (Fig. 2 ). For the first stage the organic binder (caoutchouc nitrile-butadiene dissolved in a mixture of acetone and gasoline) and plasticizer (dibutyl phthalate) were added to the ceramic powder and thoroughly mixed in the planetary mill. The resulting mixture was poured onto a fluoroplastic substrate and dried in the open air. For the second stage, the dried mass was rolled by a Durston rolling machine (UK) into films with a thickness of 0.6 mm and then immediately laid over a metal rod to form a tubular shape. Green tubes were held in an air atmosphere for a period of 24 h and then sintered in the special supported form at 1420-1550° C for 3 h with a heating/cooling rate of 0.5°C/min. The same procedure was applied to two-layered tube elements where one film was prepared with the addition of pore former (starch in amount 15-30 wt.%) and the other without it. They were then co-rolled together. These can be used for anode-supported SOFCs and two-layered electrochemical convertors for hydrogen and synthesis gas production.
RESULTS AND DISCUSSION

Structural properties
The XRD analysis revealed that all the synthesized Ce 1x (Ln 0.5 Ln′ 0.5 ) x O 2-δ (x = 0-0.20; Ln = Sm, La, Gd and Ln′ = Dy, Nd, Y) compositions were single phase with a cubic fluorite structure (e.g. Fm3m) ( Fig. 3a and Table 1 ). The compositions Ce 0.
Sr; x = 0.0-1.0) with Ca 2+ were single phase throughout the full range of compositions (Table 2) , while the solubility limit of Sr 2+ was approximately 8 mol. %, at x > 0.4, the second phase SrCeO 3 was identified (Fig. 3b) . The XRD analysis of the compositions Ce 0.8 (Sm 1-x-y Ba y M x ) 0.2 O 2-δ (M = Ca, Sr; x = 0, 0.15, 0.20; y = 0.05, 0.1) revealed fluorite structure without second phases; however, the electron microscopy scanning showed the appearance of second phases in the triple points. An average bulk-surface effective diameter of particles d BET was calculated from the specific surface area of powders S BET , which was approximately 1.5-2, 20-25 and 40-45 m 2 /g for Solid, Chem and Laser powders, respectively. In the case of Laser powders, there was close concurrence in crystallite size, calculated from XRD data and d BET , because they were not agglomerated, having mainly sphericalshaped particles [15] . Chem powders were agglomerated; however, the micro-sized agglomerates were spongy so the specific surface area increased, more than in the case of Solid powders, which were strongly agglomerated and the procedure of their milling for some hours did not significantly alter the picture. The dilatometric investigation of sintering kinetics showed that the optimal sintering temperatures for a sample preparation with a relative density of no <95% were 1400, 1500 and 1600°C for Laser, Chem and Solid powders, respectively.
Electrical properties in air
Throughout the entire concentration range for two-component systems, the maximum level of conductivity was found when using as a dopant the cations with a large ionic radius such as Nd 3+ and La 3+ (Table 1) . Co-doping with Y 3+ leads to a significant decrease in conductivity for both CeO 2 -based solid solutions doped with Sm 3+ and Gd 3+ . The activation energy for all compositions depends strongly on the dopant concentration at high temperatures and it generally decreases with an increase in the amount of vacancies. In the low-temperature range, the activation energy depends on the concentration to a lesser degree. It is known that in the case of single-doping the E a of total conductivity of CeO 2 -based solid solutions below the critical temperature of 600 ± 50°C [6] increases, which can be explained by ordering of vacancies with an appearance of (Ln′ Ce -V O •• -Ln′ Ce ) and (Ln′ Ce -V O •• ) complexes. In the case of double-doping, the E a tends to decrease with a decrease in temperature (except for high concentrations of dopants with big radii), which may be evidence of a reduction in associative processes as was discussed in [18] .
Adding the proper amount of Ca 2+ and Sr 2+ (2-4 mol. %) significantly increases the total conductivity of the samples ( Table 2 ). The same results were found for Ce 0.8 (Sm 1-x-y Ba y M x ) 0.2 O 2-δ (M = Ca, Sr; x = 0, 0.15, 0.20; y = 0.05, 0.1). Impedance spectroscopy measurements have confirmed that the addition of alkaline earth elements increases the grain boundary conductivity of samples [19] . It should be noted that the conductivity of the samples with Sr 2+ is higher due to the lower binding energy of Sr-O (33.4 eV) compared with Ca-O (35.44 eV) [20] . The binding energy of Ba-O is minimal among the alkaline earth elements (31.44 eV), but due to the fact that the effective radius of Ba 2+ is 0.142 nm, and its solubility in the fluorite lattice is <2 mol.%, the number of single-phase solid solutions on the base of BaO is limited. Nevertheless, it was found that the samples with Ba 2+ had the lowest 
Electrolytic properties
It is well known that the rate of electrochemical reactions in SOFCs is determined by the driving forces of the processes, which in turn are determined by the difference between the partial pressures of oxygen within the anode and cathode channels. The greater this difference, the higher is the power output of the electrochemical cell. Usually, with the cathode, channel oxygen partial pressure is selected in the range 10 3 to 0.21 atm. Problems arise under reducing conditions (anode channel) since, at the partial pressure of oxygen below 10 15 atm, ceria systems are characterized by the appearance of electronic conductivity due to the partial reduction of Ce 4+ → Ce 3+ . The level of electronic conductivity of solid solutions based on CeO 2 at low pO 2 is determined by the dopant's radius and its concentration and temperature. The dependence of total conductivity on pO 2 was investigated at 750°C. To describe the electrolytic properties of solid electrolytes, the notation of the electrolytic domain boundary -critical oxygen partial pressure pO 2 * at which the values of the electronic and ionic components of conductivity are equal, was used. Among In some of the investigations made by the Mori group [12, 21] , it was also shown that co-doping with alkali earth elements not only leads to increased electrical conductivity for solid electrolytes based on CeO 2 , but it also expands their electrolytic areas. The group have developed a strategy to improve the ionic conductivity of materials based on ceria in reducing and oxidizing atmospheres based on the theory of the effective index. According to the first Pauling rule, the crystallographic coordination number of cations is determined by the ratio of the radii of the cations and anions (r cat /r an ). This number is crucial for the fluorite-type structure. The coordination number of cations in the ideal fluorite structure is equal to 8 and for the formation of a stable structure, the r cat /r an should only vary from 0.732 to 1. It has been shown that a formation enthalpy of dopant cation-oxygen vacancy associations at low temperatures and, respectively, energy activation, E a , of total conductivity is minimal, when r cat /r an → 1 [22, 23] . The effective index is determined from the ionic radii and the number of oxygen vacancies appearing on doping:
where avg r cat is the average ionic radius of cations and eff r O is the effective ionic radius of oxygen, defined as follows:
where δ is the level of oxygen non-stoichiometry in the doped ceria, 1.4 is the ionic radius of oxygen in sixfold coordination, r d is the average ionic radius of the dopant and r h is the ionic radius of Ce 4+ (host cation).When both avg r cat /eff r O and r d /r h and, respectively, the value of the effective index approach unity, the distortion in the fluorite structure decreases and binding energy between the cation and anion in the fluorite structure becomes minimal, which facilities ionic transport. It has been shown experimentally utilizing a transmission electron spectroscopy that for solid solutions with a high effective index, the ordering of oxygen vacancies is reduced [23] . Our calculations and experimental results (Table 3 ) and the data presented by Mori et al. [23] have revealed that in many cases, the total conductivity of ceriabased solutions increases and the electrolytic domain also broadens with increasing effective index. Nevertheless, not only should structural parameters be considered when selecting the dopant strategy but also the association energy of the dopant with oxygen vacancies.
Electrochemical performance
The electrochemical characteristics of the Ce 0.8 (Sm 0.75 Sr 0.2 Ba 0.05 ) 0.2 O 2-δ (CSSBO) and Ce 0.8 Sm 0.2 O 1.9 (CSO) electrolyte supported SOFCs were measured using the experimental set presented in Fig. 1b . To prepare electrolyte support, the powders synthesized by solid-state reaction (Solid), laser evaporation (Laser) and glycine-nitrate (Chem) methods were compacted by the magnetic pulse technique into disks 30 mm in diameter, sintered at 1500-1600°C and polished to 0.8 mm in thickness. A Pt-based anode and cathode was painted on the disks' opposite sides, sintered at 1000°C, 1 h and activated (see Section 2). It was found that the electrochemical properties of Ce 0.8 Sm 0.2 O 1.9 were strongly influenced by the method of preparation, and samples made from micro-sized powders had both superior density and electrical properties (Fig. 4) . The specific powders of the single electrochemical cells based on Solid, Chem and Laser electrolyte powders were 80, 120 and 130 mW/cm 2 [24] . It should be noted that tube elements can be manufactured by using both the calendering and the aqueous slurry casting methods. A silver reference electrode was placed within the tube under an air flow (Fig. 5) . The studied electrodes were applied to the outer surface of the tube and were then blown over by the reference gas mixtures of N 2 + O 2 at the rate of 100 ml/min. Platinum wires were used as current collectors. Silver electrodes were sintered at 750°C for 1 h. Electrodes of perovskite structure LaNi 0.6 Co 0.4 O 3-δ , La 0.6 Sr 0.4 CoO 3-δ + 1 wt. % Co 2 O 3 , La 0.7 Sr 0.3 CoO 3-δ + 1 wt. % CuO were sintered at temperatures of 1200°C, 1150°C and 1050°C, respectively. Measurements of voltage levels between the studied electrodes and the reference electrode were carried out using an E-24 module connected to the computer with the accuracy of measurements 0.01 mV. The cell temperature was maintained with an accuracy rating of ±1°C using a TPM-10 controller. To determine the rate of the electrode potential response with a change in the oxygen content in the gas mixture above the electrode investigated that the time dependences of the electrode potential were measured under a regime of rapid (over a period of ~1 s) change from a mixture containing 1. 
